In this paper, the long-term effect of noncharacteristic harmonics resulting from a slip energy recovery induction motor drive (SERIMD) on the fatigue life expenditure of turbine-generator shafts is analyzed. A feed-water pump (FP) in power plants is one of the most essential pieces of auxiliary equipment and consumes considerably large quantities of energy. An SERIMD has many advantages and is an adequate candidate for the purpose of variable speed control. However, it gives rise to sustainable variable frequency subharmonics which induce electromechanical subsynchronous oscillations in turbine shafts through proposed deductions. Accordingly, the author has determined that the long-term effect of these subharmonics is a cause of fatigue damage on turbine shafts even under normal operating conditions through fatigue life estimation.
Introduction
During the last three decades, the torque impact and fatigue damage of large-signal electrical disturbances on turbine-generator (T-G) shafts have been extensively illustrated in many publications [1] , for example, network faults. Recently, the impact of small-signal electrical disturbances has received more and more attention [2, 3] . Because these small disturbances are sustained and even lead to resonant oscillations, the cumulative long-term damaging phenomena should not be ignored, e.g. power system unbalance [2] , harmonics induced by asynchronous (High voltage direct current) HVDC links [3] or SERIMDs.
Slip energy drives are different from most induction motor drives in that the converter is connected to the rotor instead of the stator. The converter can be rated at a fraction of the motor rating for limited speed range of applications. This is unlike conventional drives where the converter rating must at least equal that of the motor. This results in a cost saving of power electronics components. High efficiency, low cost, and simplicity of control establish the SERIMD as a superior candidate for high power pumps, fans, and blowers. In contrast, this drive has its own drawback. Since the rectifier is fed by rotor winding, the variable-frequency ripple currents are superimposed on DC currents as the speed varies.
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An FP consumes a large amount of power energy in power plants. For example, the rating of a FP serving a 1300MW unit can be up to 70k HP [4] . The feed pump in a thermal plant is called boiler FP while one in a nuclear plants is termed reactor FP, which is one of the most essential items of auxiliary equipment. The rotor speed of FP is closely related to the drive type. Although more than 80% of FPs are driven by an auxiliary turbine (generally for the unit capacity exceeding 500MW), a few FPs are still compelled by induction motors. Based on several factors such as the difficulties at throttling valves, the variable speed requirement must be met. FPs with an SERIMD scheme accordingly still possess irresistible superiority. In the investigation of [5] [6] [7] , for a 775 MW power plant, the SERIMD system has a capacity of 15 MW. However, it has been reported that this generator and at least one of nearby generators have been put at risk due to this scheme.
H. Fick first reported this phenomenon of subsynchronous frequency stimulus from the torsional stress analyzer in a power plant in Germany [5] . R. Yacamini then intimated that the concept of torsional oscillations is due to the SERIMD scheme [7] . However, analyzing its harmonic frequencies and levels, and evaluating the long-term cumulative fatigue life expenditure involving the torsional torque and variable subsynchronous speed etc. would be an essential issue that has not yet been investigated.
Solution of estimating life loss is the motivation behind the development of our proposed method. A systematic approach based on the frequency probability density function (p.d.f.) is depicted in Fig. 1 . Following this flow chart procedure, each block will be performed. A modified fatigue life loss program will be employed to predict the actual loss. Fatigue life loss sensitivity under the uncertainty of not only the electrical parameters but also the mechanical parameters will then be discussed. Fig. 2 (a) schematically shows the electromechanical system under study. A steam turbine generator is connected to an internal reactor FP fed by an SERIMD via a step-up transformer to the infinite bus through a double-circuit transmission line. An induction machine employs a wound-rotor connected to its incoming grid through a static converter cascade that comprises a 6-pulse diode rectifier, smoothing reactor, 6-pulse inverter, and recovery transformer. The practical steam turbine unit including a high-pressure (HP) and two low-pressure (LP) steam turbines analyzed in this study is a close-coupled and cross-compound reheat unit that operates at a rotor speed of 1800 rpm. The generating capacity of the pressurized water type of steam system and turbine-generator is 2785 MW and 951 MW respectively [8] . Fig. 2(b) illustrates the mass-damping-spring model for turbine model representation. Each of the low-pressure steam turbines has A and B spindles, and uses the shrunk-on rotor with eleven stages of each spindle, including rotary and stationary blade stages. The simulation data for the studied system is given in Appendix A. All of the parameters of this system are in the "per unit" system, based on generator ratings.
System Descriptions

System Model
For time-domain simulation investigations in Section 2.4, the entire studied system is modeled by Matlab-Power System Blockset (PSB) program [10] . The synchronous machine is represented by a six-order state-space d-q-0 model. The step-up transformer and the recovery transformer are represented by lumped model transformers. Each transmission line is modeled by its equivalent lumped parameters. The network source is treated as an infinite bus modeled by a fixed amplitude sinusoidal voltage source at nominal frequency. Dynamics of the excitation systems are included in the T-G model. The induction motor is modeled by a three-phase asynchronous machine with wound rotor in pu units. The bridges of the rectifier and the inverter are represented by 6-pulse diode and thyristor groups, respectively, including snubber circuits and 3 bridge arms. The valve synchronized firing circuitry is represented by discrete synchronized 6-pulse generator. 
Steady-State Harmonic Current Source
For a general 6-pulse rectifier in the SERIMD, the output DC current contains mainly a set of harmonics for integer multiples of 6 as follows: (1) where ω 2 =sω. Here, ω 2 represents the fundamental angular frequency of rectifier AC side, which is equal to rotor frequency of the induction motor for SERIMD connection in Fig.  2(a) ; s and ω are per unit slip, 377 rad/sec respectively. For a 6-pulse inverter, the switching function s w (t) comprises a series of expansions of the multiple of (6N±1): where I ac0 (t) = kI d cosωt is the AC fundamental current, terms of Eq. 3(A)~(D) are the integer harmonic current, and the other terms are referred to as noncharacteristic harmonic currents. As illustrated in Fig. 3(a) , all the frequencies of harmonics vary with the operating rotor speed except for integer harmonics. If their frequency is lower than the system frequency, they are defined as subharmonics. Otherwise, they are defined as superharmonics. 
The analysis of the frequency of electromagnetic torque
All electrical disturbances give rise to electromagnetic torques (E/M disturbing torques) which impose torsional stresses in the turbine-generator shaft. The frequency of the E/M disturbing torque equals the rotor frequency of the disturbance. Provided that the rotating magnetic field (MMF) produced by the stator harmonic current is forward, the correspond rotor frequency is
f r =f s -60 (4) Conversely, if it is backward, the rotor frequency is f r =f s +60 (5) Accordingly, for the harmonic terms of (A,B) and (C,D) in Eq. 3, the frequencies of their combining E/M disturbing torque are 6-multiples and 12-multiples of system frequency respectively, as depicted in Table 1 and Fig. 3(b) . Other harmonic terms can also be deduced in the figure.
It is emphasized that most of the natural frequencies for the large scale turbine-generators are inevitably subsynchronous. If the harmonic frequency from the viewpoint of rotor coincides with one of those frequencies, the SSR torque amplification in the turbine shafts will be excited. Through inspecting the subsynchronous frequency from Fig. 3(b), Fig. 3(c) shows that only three terms are noticeable. The other terms with either super-synchronous frequencies or negligible amplitudes place almost no risk on the generator. By way of combining Figs. 3(b) and 3(c) (rotor speed distributions), the individual probability distribution of the frequency of the E/M disturbing torque under two kinds of speed ranges is listed in Table 2 . It is clear that the harmonics arising from SERIMDs is able to excite electromechanical subsynchronous oscillations by its wide excitation frequency range. 
Approximate Calculations of Subharmonic Currents
In this paper, an SERIMD drives a FP of 20MW rating. The rotor phase voltage for a blocked rotor is E br =(V sl / 3 )/a M =23.75k/1.732/0.5= 2.74kV (6) where a M of 0.5 is the stator-to-rotor turns ratio of the machine. The steady-state rotor speed is 1575 rpm (s=0.125) from the simulation [10] . Then the DC pole voltage is [9] V d0(rec) =2.3394×s E br =2.3394×0.125×2.74k=8019.5V (7) Under the assumption of neglecting the loss of the smoothing reactor and the rated recovery slip power of P recov equal to 3MW, the DC pole current is I d =P recov /V d0(rec) =374.09A (8) Assume a ripple at the inverter of 9% at the 6 th harmonic, i.e. 721.7kV as shown in Fig. 4 
(a).
The DC reactor is 4 mH. Then this will give a 6 th -harmonic current shown in Fig. 4 (b) of ( ) 
According to Eq. 3, a direct current of 347.09A will give a fundamental alternating current shown in Fig. 4(c) of I ac0 =kI d =412.49 A (PEAK) ( 1 0 ) Similarly, the modulation product produced by term (i) in Eq. 3 has an amplitude of
62.20A (PEAK) ( 1 1 ) where this term is approximately 0.1508 pu. Due to the specification for speed variation range being 50%, the designed inverter AC side-to the recovery transformer line side turns ratio is [9] Vol. 2, No. 8, 2008 a recov =S max /(a M ×(-cosα max )=0.5/(0.5×0.866)=1.155 (12) where α max is the maximum inverter firing angle of 150 degree. Based on the studied generator rating, the per unit harmonic current of Eq. 3(i) term penetrating to generator grid is derived by I 3(i) = I 3(i)(A) ×a recov /(1057M/( 3 ×23.75k))=0.28% (13) In the same manner, the other two harmonic terms can be given as tabulated in Table 3 . As can be seen in Fig. 4(c) , the time behavior of the recovery current injecting to the power system contains various harmonic components as deduced in Eq. 3. 
FP Operating Characteristics
Motor speed is controlled in accordance with process requirements such as water flow or airflow. By controlling flow directly with motor speed, it is possible to eliminate valve controls, damper controls and vane controls. These throttling control systems have been widely used in power plants in the past for pumps and fans. However, throttling control systems are inefficient and in cases of large pressure drops, throttling systems not only dissipate power unnecessarily, but lead to unnecessary maintenance costs as well [11] .
The consumption of the power system loads is time varying. The power fluctuation causes the variations of steam flow, pressure, temperature, etc. For the purpose of maintaining normal liquid level in the reactor drum, the FP must be speeded up to supply the feed-water as the steam flow augments. On the contrary, the FP is decelerated as teh steam flow diminishes. As mentioned in [12] , the nominal speed range of the application is Vol. 2, No. 8, 2008 limited to half speed to nearly full speed (0.5~0.98 pu). Based on this speed range with uniform distribution, the mean and the variance of the speed are 0.74 and 0.0192 respectively. In the case of strong speed range, its speed and excitation characteristics are shown in Table 2 for comparison. The probability density function is propositional to the probability of the electromechanical resonance induced by the harmonic current.
Calculating Natural Frequencies and Torques by Frequency Scanning
The ratio of the inverter output current impressed on the generator to the total inverter output current is defined as the System Scaling Factor (SSF) [13] . The ratio of the converter output current impressed on the generator to the E/M disturbing torque is defined as the Generator Scaling Factor (GSF), which is approximately 1.1 [13] . Because the excitation of the harmonic current is a steady-state excitation [13] , the torque response analysis following such a disturbance would be calculated using the frequency scanning method. Provided that the terminal of the generator rotor is a shaker with the excitation of 0.004 per unit E/M torque, the frequency scanning based on electromechanical analogy theory inspects the frequency responses of the turbine mechanical system from 0.01Hz to 140Hz with an interval of 0.01Hz. The steady-state torque on the k-th shaft section is given by
where the response ratio (R k/G ) of the shaft torque to E/M torque can be derived using this method as shown in Fig. 5(a) . This demonstrates that the turbine system offers a very high Q characteristic. All the frequencies of vibration modes, depicted in Fig. 5(b) , have been avoided from the forbidden frequency bands defined as 60 Hz ±5% and 120 Hz ±5%. As illustrated in Fig. 6 , the resonant torques on various shaft sections are quite onerous. Thus this long-term damaging effect could be significant. (b) Fig. 5 The frequency-scanning responses and the excitation frequency distribution of different harmonic terms (a) for the LP2R-GEN and LP1R-LP2F shaft (b) vibration modes (Hz) 
Fatigue Theorem
The results obtained from the three-year project developed by General Electric Co., under the auspices of EPRI, reveal the properties of the alloy steel of which steam turbine generators are usually made [14, 15] . Fatigue models for the most part are based on empirical data. This data usually takes the form of a stress/life curve.
The rotor materials used by the studied turbine generator were tested. NiMoV is a generator field material, NiCrMoV is a low pressure rotor material, and CrMoV is a high pressure rotor material within the scope of ASTM specification A469, A470 and A471, whose coefficients are given in Table 4 . The materials of various shaft sections are indicated in Table 5 .
The analytical fatigue life equations can be formulated according to metal fatigue theory. Typical softening between monotonic and stable cyclic mathematically with the following equations:
where ε a andσ a are strain and stress amplitude, E is the elastic modulus, and H and s are constants. A similar expression for the torsional data is given by where the constants A, α, B and β are determined by the elastic and plastic components of strain. In the same manner, the data also may be represented by a universal slope-type equation
According to these equations, Fig. 7(a) plots the torsional stress-strain curves for the three materials. The torsional strain-life and stress-life diagrams are presented in Figs. 7(b) and 8(a) as the plots of shear strain and stress amplitude against cycles-to-failure. The fatigue damage, associated with the closed stress-strain loop counted in rain-flow technique, was determined from stress-life (S-N) diagrams in combination with the linear damage rule. The Palmgren-Miner formula measures the accumulated fatigue damage in terms of a usage factor, D (%), defined as
( 1 9 ) where n i is the number of cycles at the ith stress level, and N fi is the number of cycles to failure at the ith stress level. When D equals 100, the accumulated linear damage predicts failure for the material. 
Fatigue Life Expenditure Simulation
Under the normal operating point of the studied unit (90% rated power output), the working stresses are 0.31*0.9, (0.31+0.1445*2+0.028*2)*0.9 and 0.9 times of the machine base respectively for the HP-LP1F, LP1R-LP2F and LP2R-GEN shafts as a result of the steam torque distribution accumulation in Appendix A. The time interval for estimating the cumulative fatigue expenditure is 30 years. The stress corresponding to 10 5 cycles-to-failure in the S-N curve was used as the base of the shaft working stress with the safety factor (SF) at one [15] . When the designed SF is more than one, the equivalent working stress must decrease by 1/SF degrees. For example, the working torque of HP-LP1F shaft is 0.28 pu, which will be converted to 246 MPa working stress for SF=1. For the case of SF=4, the working torque would induce the nominal working stress to be 61.5 MPa. Therefore, the Vol. 2, No. 8, 2008 relationship between the torque of various shafts against logarithm value of cycles with assumed SF=4 can be obtained in Fig. 8(b) .
Effect of the E/M Disturbing Torque
Based on the actual uncertainty of SSF, the harmonic excitation level can be described by the E/M disturbing torque. Fig. 9 depicts the fluctuating torque histograms of the main vibration mode (mode 2 for LP2R-GEN shaft and mode 1 for LP1R-LP2F shaft as Fig. 5 illustrates) and the corresponding cyclic stress. This reveals their proportional relationship to the E/M disturbing torque. To prevent the bearing stress from exceeding the material yielding point following a three-phase fault at the generator terminal, the lowest safety factor for different shaft sections is evaluated in Table 5 , which is computed in the same manner from [3] . Also the corresponding working stress in various shafts is listed in the table. Through the fatigue life loss simulation, the corresponding critical E/M disturbing torque at which shaft damage begins is given. As can be seen in the table, the LP2R-GEN shaft with the lowest E/M torque of damage dominates the whole fatigue life expenditure of the turbine-generator.
For the worst-case excitation of the harmonic currents, it can be assumed that a 951MW generator is solely connected to the SERIMD bus (SSF=1). The per-unit value of the maximum E/M disturbing torque due to the main subharmonic currents is described in Table 6 . Considering the actual stress uncertainty, the practical strength design should be more conservative (higher than evaluated safety factor). However, comparing the 30-year usage factor as shown in the table or Fig. 10 with studied E/M torque line, it appears that the all the shafts have been damaged in their lifetime even with higher strength design, owing to such subharmonic excitations. Nevertheless, the actual SERIMD bus should be connected to a power network instead of one generator only. The actual shunt effect would reduce the level of the E/M disturbing torque in the machines. In other words, the shafts will accumulate less fatigue life loss because of the dispersion effect of the inverter output currents. Thereby, especially for the generator connected to a weak power system, the inevitably high amplitude of the injecting SERIMD harmonic currents could be adequate to harm this machine even under normal operations. If there is potential for shaft damage through safety estimation, we suggest taking safety precautions. (e.g. installations of a speed controller which rapidly passes the critically resonant speed ranges of the FP, special relaying systems, or material substitutions by the higher safety factor) 
Effect of the Number of Pulses
Utilization of a high number of pulses can limit the harmonic level that alleviates the turbine shaft torsional torques. However, Table 7 shows the remaining subharmonic terms under different pulse configurations of the rectifier and the inverter from Eq. 3. This reveals that whatever configurations cannot preclude all the subharmonic terms. In other words, turbine shafts may not be fully guarded from damage by the use of a high pulse scheme. 
Effect of the Controlled-Speed Range
The main advantage of using SERIMDs is to save more capacity for the converter if limiting less speed range between the minimum speed and the synchronous speed. Generally, the vibration modes for the large-scale 60Hz turbine-generators are within the ranges as 15 to 50Hz. Table 2 shows that the expanded excitation frequency range of some harmonic terms still contains vibration modes even for the case of strong speed. This shows that decreasing the speed variance of σ 2 could not keep from SSR. Similarly, the scheme of varying mean value cannot, either. It is interesting to note that the frequency range of (3i,ii) term, for the case of the strong speed, more closely approaches to the subsynchronous frequency band. Based on the linear accumulation property for the fatigue life loss, the damaging effect should be more significant due to the higher SSR probability. Nevertheless, the magnitude of the harmonic current will be lower when gradually reducing the designed controlled speed range as a result of the deduction of Eqs. 12 and 13. Fig. 11 demonstrates this relationship between E/M disturbing torque level and the minimum speed requirement. In sum, although the approach of lowering speed variation lessens the harmonic current level, SSR in turbine shafts is more likely to occur. The cumulative fatigue life expenditure is dependent on the practical operating speed characteristics and the integrity of turbine-generators may not therefore be completely guaranteed.
Vol. 2, No. 8, 2008 Fig . 11 The relationship between minimum controlled speed and the E/M disturbing torque arising from the main harmonic current.
Effect of the Mechanical Damping
The damping of torsional oscillations is induced by either mechanical or electrical sources. The inertia and stiffness coefficients can readily be provided by the manufacturers while the damping contributed by various mechanisms is difficult to predict. As indicated in Fig. 12(a) , viscous damping of (i) shaft torsional and (ii) LP turbine final-stage blade vibrations is supposedly changed as the actual operating condition varies. Though the higher damping caused by the uncertain system cases gives more conservative life expenditure results, the shafts still cannot be out of potential damage range.
Effects of Smoothing Reactors and GSF
The presence of a DC reactor is usually recognized as an essential part of the drive; nevertheless, the need for a specific size of reactor does not appear to be a decisive factor. Though the harmonic content may improve with increasing inductance, the control performance slows down and the resonance frequency reduces making the stabilization of current control more difficult and even results in valve damage following short-circuit currents. If the reactor is tuned down, the possibility of shaft damage will increase in Fig.  12(b) .
GSF is often related to the operating frequency, power factor (PF), load condition, and generator damper circuit model. GSF equals 1.0 at no load. At full load, it is about 1.3 at 0.8 lagging PF and varies to 0.96 at 0.8 leading PF [13] . Fig. 12 (c) also illustrates that more fatigue life loss will accumulate as a result of the lagging PF. 
Conclusions
In this paper, the long-term effect of the SERIMD subharmonics has been proven as a cause of fatigue damage on turbine shafts even under normal operation. Therefore, the economic benefits of using the SERIMD must be weighted against the potential damage to the turbine generator shafts. From the studied results, the specific conclusions of this paper Vol. 2, No. 8, 2008 are summarized as follows. 1. Safety estimation should be undertaken on all machines in close proximity to the FP driven by the SERIMD to ascertain whether or not a machine might be at risk. 2. Generally the turbine-generator shafts cannot be guaranteed to be out of danger as long as a high level of SERIMD subharmonic currents penetrates this generator. Connecting to the weak power system, lowering the converter pulse number or the size of the smoothing reactor, augmenting sub-synchronous speed range, lagging PF, etc. all contribute to this effect more significantly. 3. If there is no vibration mode under the expanded excitation frequency, the subharmonics would not absolutely affect the turbine shafts. However, neither the stronger speed range strategy nor the higher pulse number scheme can achieve this goal. Therefore, monitoring and relaying systems, or a special speed controller for a quick pass around critical speed should be employed, to protect the machines that are indicated at risk in studies. 
